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Objectives . The purpose of this study was to serially evaluate
the response and variability of the er,4-systolic
relation, the left ventricular end-diastolic volume-peak positive
first derivative of left ventricular pressure (WO relation and die
left ventricular end-diastolic volume stroke work relation in the
development of progressive left ventricular dysfunclion .
Background. Evaluation of systolic performance of the failing
left ventricle may he enhanced by using Maavdy IrWasushive
measures of left ventricular performance . The end-systolic
pressure-volume, left ventricular end-diastolic valume-peak pos.
itive dP/dt and left ventricular end-diastolic volumestroke work
relations adequately define left ventricular performance under
multiple leading conditions, but efficacy has not been fully as-
sessed A the failing heart, particularly in the intact circulation .
Methods . Fourteen dogs underwent instrumentation and rapid
pacing to heart failure . Variably loaded pressure-volume beats
were produced by inferior versa cava occlusion. The dogs were
evaluated at baseline and at three progressively more severe levels
of left ventricular dysfunction .
Results. There was a progressive increase lit left ventricular
volumes at end-diastole ([mean value i: SE] 60 ± 28 to 73 ± 29 mi,
p < 0.001) and end-systole (39 ± 19 to 61 ± 27 nil, p < 0 .001)
during the 3 weeks of rapid pacing and a progressive decline in
peak positive dP/dt (1,631 ± 410 to 993 ± 222 nun 1Q, p <
0.001) and ejection fraction (37 ± 8% to 16 ± 11%, p < 0.001) .
There was a corresponding decline in the slope of each of the three
relations : for end-systolic pressure-volume, 6.3 ± 2.2 to 2 .8 ± 0 .7
(p < 0.05); for left ventricular end-diastolic volume-stroke work,
Evaluation of left ventricular contractility in patients with
congestive heart failure is a persistent challenge . Changes in
loading conditions, ventricular shape and valve function
limit the efficacy of commonly used ejection phase indexes
of function . To improve characterization of left ventricular
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61.9 ± 9 :1 to 26 .5 ± 2.4 (p < 0 .05) ; and for left ventricular
end-diastolic volnate-peak positive 4PIdt, 47.1 ± 13 .6 to 20 .31 ±
6.8 (Y < 0 .05) . There was also a corresponding increase in position
volumes: for end-systolic 33.6 j: 3 .9 to 61 .2 :k
6.6 nal (p < 0.05) ; for left ventricular end-diastolic
volume--stroke
work, 41 It 3.6 to 89.3 ± 7.6 ml (p < &05); and fur left
ventricular end-diastolic volume-peak positive dP/dI, 29 .1 ± 19 .1
to 63 .6 23.9 ml (p < 0.05) . The relative degree of change in each
of the three relations was similar as more severe heart Mitre
developed . The coefficients of variation for position were signifi-
cantly less than the variation for slopes . The response of volume
intercepts was heterogeneous . For left ventricular end-diastolic
work, the intercept increased as ventricular per-
formance decreased. The intercept of the end-systolic pressure-
volume relation was significantly more variable than the left
ventricular ead-diastolic volume-stroke work relation and did not
change with progressive heart failure . The intercept for left
ventricular end-diastolic volume-peak positive dPldt was highly
variable and showed no consistent changes as left ventricular
function declined.
Conclusions .
All three relations consistently describe changeN
in left ventricular performance brought about by tachypaciag .
Evolution of left ventricular dysfunction causes a decline in slope
and a rightward shift of these relations . The position of the
relation is the most sensitive and least variable indicator of left
ventricular systolic performance .
(J Am Cal! Cordial 1994;23.209-18)
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contractility, relations between left ventricular end-systolic
pressure and volume have been developed . First expressed
as maximal elastance in isolated hearts, modifications of the
end-systolic relation have been investigated in the intact
circulation (i,2) . Most commonly, the slope of the end-
systolic pressure-volume relation has been utilized, but
limitations have been noted (3-5) . The slope and volume
intercept are highly variable and difficult to compare among
individual patients (5). The slope also may not be entirely
independent of loading conditions and not linear at extremes
of altered contractile state (6,7)
. To correct for this, evalu-
ation of position of the relation at a fixed physiologic
pressure has been proposed (8)
. Recently, two alternative
forms of analysis of pressure-volume [cops have been devel-
0735-1097194fS6 .00
210 R.':HKO
PRESSURE-VOLUME LOOPS IN HEART FAILURE
oped: the relations between the peak positive first derivative
of left ventricular pressure (dP/dt) and left ventricular end-
diastolic volume and the relation between left ventricular
stroke work and end-diastolic volume . Both have been
reported to be linear and to respond to changes in contrac-
tility, but not loading conditions, within the normal physio-
logic range (9,10) .
In a recent analysis, Little et al . (11) compared these
three measures of left ventricular performance in normal
hearts at baseline, at increased afterload and at one level of
altered contractile state . They demonstrated that all three
relations are adequate indicators of left ventricular perfor-
mance
. The left ventricular end-diastolic volume-stroke
work relation was least variable but also least sensitive for
detecting inotropic stimulation . It had a reproducible volume
axis intercept that did not change with altered contractility .
The left ventricular end-diastolic volume-peak positive
dP/dt relation was most variable but also most sensitive
for detection of inotropic stinlulaaon . The end-systolic
pressure-volume relation was intermediate in variability and
responsiveness but also not entirely free of the effects of
afterload as it changed position when afterload was in-
creased (I 1) .
If these measures of left ventricular performance are to be
used to characterize heart failure, there is a need to investi-
gate their efficacy and reliability in the failing heart (12,13) .
Several potential mechanisms could limit the efficacy of
pressure-volume analysis in heart failure : 1) Elevated filling
pressures may reduce the ability of caval occlusion to
decrease end-systolic pressure and volume and lengthen the
time necessary to achieve a load change ; 2) longer time
courses of load change could increase heart rate ; 3) changes
in arterial resistance with progressive failure could alter their
response to caval occlusion ; and 4) increasing chamber size
may alter the response and affect calculation of derived
values, such as the volume intercept . To assess these issues,
the present study produced progressive levels of heart
failure by tachypacing (14). The three measures of left
ventricular performance (end-systolic pressure-volume, left
ventricular end-diastolic volume-peak positive dP1dt and left
ventricular end-diastolic volume-stroke work) were serially
evaluated and compared at multiple levels of left ventricular
dysfunction for agreement in detecting changes in left ven-
tricular performance as well as variability .
Methods
Itxstrmnentation . The protocol was approved by the An-
imal Care Committee of the University of Wisconsin, and all
procedures for animal care conform to the "Position of the
American Heart Association on Research Animal Use"
adopted by the Association in November 1984 . A total of
14 healthy female mongrel dogs with an average weight of
21.7 ± 1 .7 kg (range 18 .9 to 24 .1) were utilized . The
instrumentation was performed through a limited left thora-
cotomy, and after the heart was exposed, a P6.5 A Konigs-
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berg prtssur-:, transducer and a 1 .4-mm polyvinylchloride
catheter were passed through the apex into the middle of the
left ventricular cavity . Two similar catheters were placed in
the middle of the left atrium through an incision in the atrial
appendage . Two pairs of 5 .0-MHz ultrasonic crystals were
placed in a long- and short-axis orientation (15) . Previous
work by Rankin et al . (16) has shown that two crystal pairs
oriented in this manner provide an accumpe description of
ventricular volume . A 16-mm hydraulic occluder cuff (R .E .
Jones Co.) was fitted around the proximal inferior vena cave .
External pacemaker leads (model 4951, Medtronic Inc .)
were attached to the free wall of the left ventricle . The leads
were connected to a modified Medtronic Spectral. Series
pacemaker that was implanted in a pocket in the left upper
thorax, ell wires, leads and catheters were tunneled out to
the neck and brought from the skin at this position . The dog
was fitted with a special collar . The pericardium and thora-
cotomy were closed, and the dog was returned to the
long-term care facility, where it recovered for 7 to 14 days .
Measurement Sessions . Before each session the dog was
lightly sedated with morphine and sodium thiopental . The
trachea was incubated, and the dog was given low dose
halothane (<0.5%). This dose of halothane has previously
been shown to have minimal hemodynamic effects (17). On
the dog's arrival at the laboratory, the pacemaker, if pacing,
was turned off. All measurements were made after a mini-
mum of 30 min of equilibration, with the dog in sings rhythm .
The dog was placed supine on its right side in the same
position at each session. The fluid-filled catheters were
attached to Stattlam P231D pressure transducers that were
balanced against air and a mercury manometer . The Konigs-
berg transducer signals were matched to the fluid-filled
catheters .
The ultrasonic crystals were attached to a Crystal Biotech
VF-t system that was calibrated . The ultrasonic crystal
signals, pressure tracings, electrocardiographic (ECG) mon-
itor lead and peak positive dP/dt were displayed and re-
corded on a Gould 2800-S 8 channel physiologic strip chart
recorder. The data were digitized using a Data Translation
Device's DT-2821 analog to digital converter at 500 Hz and
recorded into a 386 personal computer (Zenith Data Systems
Corp.) . Custom-developed acquisition software collected 10
consecutive beats of data during steady state conditions and
averaged the data into one composite beat . The dog was then
given atropine, 0.1 mg/kg, intravenously to eliminate vagal
tone and thus eliminate any significant change in heart rate
that might occur during the inferior vena cava occlusion .
When steady state was achieved, data acquisition was re-
peated .
Pressure-volume loops. With use of the same computer
system and previously validated custom-developed soft-
ware, serial beats were acquired for 20 s after inflation of the
hydraulic occluder cuff on the inferior versa cave . T me caval
occlusion caused a progressive decline in left ventricular
end-systolic pressure, peak positive dP1dt and left ventricu-
lar volume . At the end of each 20-s run, caval occlusion was
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released, and the dog was allowed to return to baseline
hemodynarnic status before the next run . Caval occlusion,
were repeated a minimum of three times for each condition
(in 25%% of the conditions, four or five runs were performed) .
Heart failure protocol . At the conclusion of the baseline
data acquisition session, the pacemaker was programmed to
175 beatsimin, and the dog was returned to the long-term
care facility . On day 2 the pacing rate was increased to 200
beats/mm, and on day 3 it eras increased to 215 beats/mill,
where it was maintained for the subsequent 5 days . At the
end of I week, the dog was returned for a second measure-
ment session similar to baseline . At the conclusion of
measurements, the pacing rate was increased to 225 beats!
min. After an additional week, the third measurement ses-
sion was conducted . The pacing rate was increased to 240
beatstmin, and l week later the final measurement session
was performed. At the conclusion of the final session . the
animals were killed with an overdose of potassium chloride .
An autopsy was performed to determine placement of ultra-
sonic crystals and catheters .
Data analysis . Left ventricular volume was calculated
from the ultrasonic crystal pairs using the formula for a
modified ellipsoid (16) :
TrxLxS'
V=
6
where V = left ventricular volume ; L long-axis diameter ;
and S = short-axis diameter . Stroke volume was calculated
from the ultrasonic crystal volumes as VEO _ VES , and
ejection fraction (EF) was calculated as
OFD - VF
.S X NO
.
V ED
where VEn = left ventricular volume at the R wave of the
ECG monitor lead, and V as = left ventricular volume at its
minimum . Cardiac output was estimated by multiplying
heart rate by stroke volume. Arterial resistance was crudely
estimated as (end-systolic pressure) -5 mm Hg divided by
cardiac output . Stroke work was calculated by integration of
each pressure-volume loop, as previously described by
Glower et al . (10) .
The slope (EES ) of the end-systolic pressure-volume
relation was calculated using the iterative technique of Kono
et al . (18) . To calculate th, p iti n vo ume of the end-
systolic pressure-volume relation, the left ventricular vol-
ume associated with an end-systolic pressure of 75 mm Hg
(V75) was calculated as
V75 = Vo-pv
+ 75/EEs,
where V0 _
Pv
= volume intercept .
The slope of the left ventricular end-diastolic volunle-
stroke work relation (Msw) was calculated by a least-
squares fit of the same beats used to calculate the end-
systolic pressure-volume relation . The position volume of
the left ventricular end-diastolic volume-stroke work rela-
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lion was determined using a stroke work value of 1,000 mm
Hg/xml and calculated as
V a oax) -
Vk,
- sw
where V,, sw is the volume intercept of the left ventricular
end-diastolic volume-stroke work relation .
The slope of the left ventricular end-diastolic volume-
peak positive dPfdt relation, dE/dt max, was calculated by a
least-squares fit similar to the left ventricular end-diastolic
volume-stroke work relation (11) . The position volume of
the left ventricular end-diastolic volume-peak positive dP/dt
relation was calculated using a peak positive dP/dt value of
1,000 mm Hg/s and the relation
V 6 .l,W
= V0 _, + 1,0
i ,tttt0/M
sw ,
III IdEIdtmax,
where V(,-dP,d,1s the volume intercept of the left ventricular
end-diastolic volume-peak positive dP/dt relation,
Statistics . For each condition, at least three runs were
performed, and the mean values of the runs for slope,
position and volume intercept were determined. From this,
the coefficient of variation (SD/mean value) for each series of
runs was calculated and expressed as a percent. Data were
pooled from each dog at baseline and for each week of heart
failure to allow calculation of pooled variation coefficients
for each measurement type. The change in the coefficients of
variation with progressive heart failure was evaluated with
analysis of variance (ANOVA) of repeated measures . The
coefficients of different measurement types were compared
using the Student t test .
The values for slope, position and volume intercept were
determined at baseline and for each week of developing
heart failure . The significance of change of these values was
calculated using ANOVA of repeated measures . Intergroup
comparisons were made using the Newman-Keuls test . The
percent change from baseline in the slope and position of
each relation was determined for each week of progressively
more severe left ventricular dysfunction . Similar percent
change calculations were made for left ventricular ejection
fraction and peak positive dP,'dt . Correlations between ejec-
tion fraction and peak positive dP/dt were made with the
slopes and positions using linear regression analysis . Corre-
lations were also made between percent change of each of
the slopes of the relations .
For hemodynamic and volumetric descriptions of ven-
tricular performance that did not require variably loaded
pressure-volume loops, the mean value for each level of
heart failure was calculated and evaluated versus baseline
using ANOVA of repeated measures and the Newman-Keuls
test. All values are reported as mean value ± SE
.
Results
The changes in left ventricular size and function caused
by tachypacing are shown in Table 1
. The values shown are
in the rest state after equilibration but before any cardioac-
tive drugs have been given
. At baseline, after recovery from
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Table 1 .
Changes in Left Ventricular Size and Function Caused by Tachypacing
the instrumentation operation, there was a mild reduction in
left ventricular function . Tachypacing caused a significant
and progressive increase in left ventricular end-diastolic and
end-systolic volumes
. However, there was no significant
change in left ventricular geometry induced in this model .
The long-axis/short-axis ratio remained constant . There was
a significant decline in both ejection fraction and peak
positive dPldt. Systolic blood pressure slowly declined,
becoming significantly lower only during week 3 compared
with baseline . Left ventricular end-diastolic pressure in-
creased progressively during the study, becoming significant
during weeks 2 and 3. Heart rate also significantly increased
at weeks 2 and 3 . Estimated peripheral vascular resistance
significantly increased during weeks I and 2 but declined to
near baseline during the final week .
There was no change in the maximal heart rate produced
by administration of atropine from baseline through the 3
weeks of heart failure : 119 ± 6. 120 ± 6, 118 ± 7 and 124 ±
7 beats/min, respectively (p = NS) . Heart rate at the end of
each run of variably loaded beats remained within ±10% of
the beginning rate, and the amount of rate variation did not
change as heart failure progressed . For each series of
variably loaded beats, systolic pressure did not begin to
decrease until left atria[ pressure declined to a low value at
each degree of severity of heart failure . For baseline and the
three levels of heart failure systolic pressure began to
decrease at a left atria) pressure of 4.3 ± 0 .5, 6.1 ± 0.5*,
6.2 ± 0 .6* and 6 .1 ± 0.6* mm Hg (*p < 0.05 vs . baseline). As
the severity of failure progressed, the number of beats
required to lower left atria) pressure to the point where
systolic pressure would decline increased . From baseline to
the most severe level of failure, the number of beats was
5 t 1, 6 ± 1, 18 ± 9 and 25 ± 10* (*p < O .G5 vs . baseline
and week 1) . The range of end-systolic pressures developed
by vena caval occlusion progressively declined as heart
failure became more severe : 41 ± 3, 32 ± 3, 31 ± 5 and 18
1* mm Hg (*p < 0.05 vs. all other conditions) .
The pooled coefficients of variation for the slopes of the
three relations (all runs) were 8 .4 ± 1 .1* (end-systolic
pressure-volume), 7 .1 ± 0.9* (left ventricular end-diastolic
JACC Vol . 23, No
. I
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'Analysis of variance of repeated measures
. lp< 0.05 VL
baseline by the Newman-Keulstesl . Values presented are mean value ± SE
. BP = blood pressure ;
+dPIdt = peak positive first derivative of left ventricular pressure
; LV = left ventricular .
volume-stroke work) and 11 .8 ± 1 .6 (left ventricular end-
diastolic volume-peak positive dP/dt) (*p < 0.05 vs. the
slope of the left ventricular end-diastolic volume-peak pos-
itive dP/dt relation) . Thus, there was slightly, but signifi-
cantly more varia!iorn in the slope of the left ventricular
end-diastolic volume-peak positive dP/dt relation . There
was no systematic increase in variation as heart failure
became more severe .
The pooled coefficients of variation for the position of
each of the three relations were similar:
V75
(end-systolic
pressure-volume) 3.4 ± 0.9, V,, ( . (left ventricular end-
diastolic volume-stroke work) 3 .8 ± 0.7 and V, .,w (left
ventricular end-diastolic volume-peak positive dB'do 5 .0 +
0.9. There was also no consistent change in the coefficient of
variation for any of the relations from baseline to the most
severe levels of heart failure . In comparing the slope of each
relation to position, the coefficient of variation for position
was significantly less than it was for the slope for all three
relations (p < 0.05) .
The pooled coefficients of variation for the volume inter-
cept of each relation were 21 .0 ± 3 .7 (end-systolic pressure-
volume), 4.0 ± 1 .0 (left ventricular end-diastolic volume-
stroke work) and 106 ± 36 (left ventricular end-diastolic
volume-peak positive dP/dt) . The volume intercept of left
ventricular end-diastolic volume-stroke work relation was
significantly less variable than the other two relations (p <
0.05) . In addition, there was significantly less variation in the
volume intercept of the end-systolic preesure-volume rela-
tion than in the volume intercept of the left ventricular
end-diastolic volume-peak positive dP/dt relation (p < 0 .05) .
There was no definite trend in degree of variability over the
time from baseline to week 3 for any of the relations . In
comparing volume intercept to slope and position, there was
a divergence in the response of the various relations . For the
end-systolic pressure-volume and left ventricular end-
diastolic volume-peak positive dP/dt relations, volume inter-
cept had significantly greater variation than either slope or
position. In contrast, the volume intercept for the left
ventricular end-diastolic volume-stroke work relation was
Baseline Week I
Week 2 Week 3
p
Value'
Heart rate (beats/min)
61 ± 19 59 ± 14
76 ± 27t 95 ± 20. < 0101
Systolic BP (mm Hg) 102
± 25 101 2 18 94 ± 16 87 ± lo0
.03
LV end-diastolic pressure (mm Hg)
11 ± 4 15 2 4 19 ± 6t
26 ± 6t < 0 .001
LV end-diastolic volume (ml)
60 ± 28 64 t 28t 68 ± 29t
73 ± 291 < 0,001
LV end-systolic volume (rn4 39 ± 19
48 ± 21t 56 ± 26t 61 ± 271 < 0 .001
Ejection fraction (%)
37 2 F 2628f 21210t 16±11 ;
<0.001
+dP/dt (mm H&1s)
1,631 ± 410 1,328 ± 310t 1,140 ± 286T 993 ± 222f < 0,001
Estimated peripheral vascular
resistance (dynes-s-cm -5)
3,089 ± 1 .282 4,988 ± 2,31171
5,088 ± 2,853f 3,446 2 2,773r < 0 .004
Long-axisishori-axis ratio 1 .3 2 0.1
1 .3 ± 0 .2 L3 t: 0 .2 1 .3 ± 0 .2 NS
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Table 2. Average Values for Volume htterccpts, Position
Volumes and Slopes by Level of Heart failure
Volume Intercept (el)
PE
'v
cs
	
SV1-V,
u
Slope
P
i,
s -V
Ls sw-V
F€,
dFidt-V,:
;,
(mm HF-ell
rmm 1H I-1 tmm Hats per tnli
Baseline 6 .3 ± 2 .2 61 .9
Y
9 .1 47 .1 1 13 .6
Week I 4 .5 a 1 .2 45 .7 ~- 5 .4" 3 -, ,'- 7 .5"
Week 2 3 .6±I .0 39.3±4.5' 25.8=6
.4
Week 3 2 .8 ± 0
.7*
26 .5 a 2
.4* 20 .3 ± 6 .8'
1 p e 0 .05 vs . baseline by analysis of variance . Values presented are mean
value ± SE . dPidt-V,, = left ventricular end-diastolic volume-peak positive
fist derivative ofleft ventricular pressure relation : PE VES = end systolic
pressure-volume relation : Sib'-V EO = left ventricular end-diastolic volume-
stroke work relation .
similar in variability to position and significantly less vari-
able than the slope .
The average values for volume intercepts, positions and
slopes are shown in Table 2 by level of heart failure, and an
example is shown in Figure I . The volume intercepts for the
end-systolic pressure-volume and left ventricular end-
diastolic volume-stroke work relations progressively but
nonsigniftcantly increased in value as heart failure became
more severe, consistent with a gradual rightward shift of
each relation with progressively more severe left ventricuiar
dysfunction. Similar, and significant, shifts in the position of
V75
(end-systolic pressure-volume), V 1 ,,. (left ventricular
end-diastolic volume-stroke work) and V 1 ,,w (left ventricu-
lar end-diastolic volume-peak positive dPldt) were present .
There was a moderate correlation between the volume
intercept and
V75
for the end-systolic pressure-volume rela-
tion (r = 0.65, p < 0 .00001) . There was a stronger correlation
between the volume intercept and V t _000 for the left ventric-
ular end-diastolic volume-stroke work relation (r = 0
.82,
p < 0. 1) . In contrast, the volume intercept for left
ventricular end-diastolic volume-peak positive dP/dt
was
inconsistent and negative in many cases, showing no signii
icant progression with worsening heart failure .
Analysis of the response of the slopes of each relation are
shown in Table 2. All three relations responded in a similar
manner and demonstrated a significant and progressive
decline during the development of heart failure . The data for
RA131(0
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slope and position are presented in a different format in
"fable 3 and a shown as percent charge from haf ;ehne .
Note that the relative change in position is somewhat greater
than the relative change in slope, but no comparison be-
tween slope and position was significantly different . Thus, all
three relations change in a relatively similar fashion . This is
further demonstrated by correlation (using all runs at all
levels of heart failure) for relative change in the slopes
(end-systolic pressure-volume vs . left ventricular end-
diastolic
volume-stroke
work, r = 0.34*, end-systolic pressure-
volume vs. left ventricular end-diastolic volu e-peak positive
dP/dt, r = 0 .79* : left ventricular end-diastolic volume-stroke
work vs. left ventricular end-diastolic volume-peak positive
dP/dt, r = 0 .67* [*p < 0 .001]) and positions (V75 [end-systolic
pressure-volume] vs . V1
twin
[left ventricular end-diastolic
volume-stroke work], r = 0,87* : V 75 lend-systolic pressure-
volurne] vs . V ( .1Ktt, [left ventricular end-diastolic volume-
peak positive dP/dt], r = 0.80*: V,, ( , ,,u [left ventricular
end-diastolic volume-stroke work] vs . V 1 ,,}er [left ventricu-
lar end-diastolic volume-peak positive dP/dt], r = 0.68",
[*p < 0.001]) of the relations . For comparison, the relative
change in ejection fraction and peak positive dP/dt are also
shown . The correlations between the percent change in
ejection fraction versus position and slope as '.veil as the
correlations with peak positive dP/dt are shown in Table 4 .
For both slope and position, the correlations with ejection
fraction are stronger than with peak positive dP/dt, but as
heart failure becomes more severe . the correlations with
ejection fraction decline .
flsc ssio
The end-systolic pressure-volume relation has been ex-
lensively evaluated in isolated heart preparations and in the
intact circulation (1-3) . In most studies, normal hearts have
been subjected to short-term interventions that vary contrac-
tility or loading conditions. It has been shown that this
relation is able to accurately assess contractility and that it is
relatively independent of loading conditions (1-8,19-23) .
However, the studies have raised several concerns with
regard to the underlying variability of the measurements, the
dependency of results on the form of intervention used to
produce variably loaded beats, the accuracy of the assump-
tion that the end-systolic pressure-volume relation is linear,
the possibility that the relation is affected by changes in left
ventricular cavity size and shape and the fact that intrinsic
diastolic dysfunction may affect the relation (3-7,11,19-24) .
These concerns raise the question : Is the end-systolic
pressure-volume relation suitable for serial analysis of the
progressive development of left ventricular dysfunction in
the intact circulation?
Previous steadies . Previous use of the end-systolic pressure-
voltime relation in failing hearts has been predominantly stud-
ied in humans during cardiac catheterization . Most of the
studies have used a limited number of pressure-volume loops
generated by pharmacologic manipulation of loading condi-
saselit,e
week I
Week 2
Week 3
14, ' - r .7
15.9x3 .2
19 .1 * 4,6
19 .9 6 .2
?7 .6 = 3 .3
33.2±4.2
35 .9 ± 7 .6
45 .4 a 5 .1 *
-8 .5 -* 91 .8
-4.3±10 .7
2 .0 ± 9.7
-10.1 a 10,5
Position volume (ml)
PES" ES 5fi°'-V~~ dPldt-V II)
Baseline 33 .6 -_ 3 .9 46,2 ± 3 .6 29 .1 a 19 .1
Week: 1 90 .0 4 fi 59 .5 1 1 .8 1 44 .1 ± 22 .5$
Week 2 50 .4 6 .5' 69 .5 7 .0' 52 .9 - 29 .0=
Week 3 61 .2 ' 6 .6" 89 .3 -_ 7 .6' 68 .6 25 .9'
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Figure 1. A, Series of left ventricular (LV)
pressure (P)-vclume loops obtained at
baseline and three levels of congestive
heart failure (CHF) : CI4F I = mild failure ;
CHF 2 = moderate failure ; CHF 3 =
severe failure. There is a progressive de-
cline in slope, a rightward shift and a
reduction in systolic pressure as failure
becomes more severe . B, Plot of stroke
work versus left ventricular (LV) end-
diastolic volume used to derive the left
ventricular end-diastolic volume-stroke
work relation . The plots were derived
from the sz-ie data as in A . There is a
progressive decline in slope and a right-
ward shift in the relation . C (opposite
page), Plot of peak positive first derivative
of left ventricular pressure (dPIdt) versus
left ventricular end-diastolic volume used
to derive the left ventricular end-diastolic
volume-peak positive dP1dt relation . Plots
are derived from data shown in A . There is
a progressive decline in slope and a right-
ward shift in the relation .
JACC Vol. 23, No- I
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Figure
f
(continued) . See legend on oppo-
site page .
Table 3. Relative Change in Slope and Position From Baseline for
Each Level of Heart Failure Induced by Tachypacing
Week 1
	
Week 2 Week 3
Values presented are mean value ± SE (% change from baseline). LVEF
left ventricular ejection fraction ; other abbreviations as in Tables I and 2 .
RAHi<O
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C
M 20
30 40 20 60 0 ID
LV Mama (W)
tions over a relatively narrow range of pressure and volumes . iar performance declines . Mehmel et a! . (25) evaluated 11
Hontever, it has recently' een shown by VanFossen et al . (23) patients with coronary artery disease and I patient with dilates
and Kass and Maughan (3) that inferior versa cava occlusion
can be safely performed in patients with heart failure to
develop a series of variably loaded pressure-volume loops, and
Daur ett al . (13) have recently evaluated l I patients with dilated
cardiomyopathy before and after introduction of enalapril using
these techniques . Grossman et al. (24), utilizing contrast ven-
triculegmphy and micromanometer catheters, obtained end-
systolic pressures and end-ejection volumes in 24 patients with
a wide range of left ventricular performance . They showed that
slope declines and volume intercept increases as left ventricu-
20
30
00
IV Va.= (MI)
as an
cardiornyopathy, obtaining three end-ejection volumes and
Table .1
. Correlation of Relative Change in Slope and Position
Versus Ejection Fraction and Peak Positive First Derivative of
Left Ventricular Pressure
Week I Week 2 Week 3
Left Ventricular Ejection Fraction
*T < 0 .05 . Abbreviations
as
in Tables I and 2 .
slope (%)
PES* 'VP ."
-11 .9 ± 12 .1 -21 .9 19 .6 -43 .0 ± 6 .7
SW-V" -19J ± 9 .7 -27A
10! -51o
4
5 .6
dpldt-V ED -16.0 ± 13 .6 -22 .0
18 .3
-47,3
± 8,2
Position volume M
PEEVES
53.7 12 .6 131 ± 17.323 .4 7,1
SW-V" 32 .6 12.2 503 116 814 ± 17.8
dP/tlt-V,, 36 .8 t 9 .1 54±20l 119
26
3
LVEF (%) -26.6 ± 6 .8 -39
.5 ± 8.3 -54.2 8 .1
AM (%)
-17 .3 ± 4 .0 -27.5 ± 5.3 -38.1 2 .7
Slope
PEEVES
033* 0 .51 0.26
SWN" 015* 0 .65* 0.48
dP/dt-V,, 0 .78'" 0 .39
0.64*
Position volume
PES
-
VFS
-0.78* -0.68* -0.45*
SW-V"
-0.64*
-0,67*
-0 .59
dP/dt-V
FD
-0,72*
-0 .24
-0 .29
Peak +dPidt
Slope
PESAS
105 0 .10 0.38
SW-VED 0 .51 0 0
.56
MOVE, 0?1*
0 .61* 0 .23
Position volume
PEOVES
-0.16 0 .18
-0 .13
SW-V" 0 0.21
-0 .25
dP/dt-VuD -0 .34 -0 .29
-0 .28
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end-systolic pressures . The end-systolic pressure-volume rela-
tion appeared to be linear, and the slope was found to be
exponentially related to ejection fraction . However, volume
intercept was unrelated to any other measures of contimciZity .
Using end-ejection derived from the radionuclide ven-
triculogram and end-systolic pressure, Konstam et al . (26)
constructed 3 to 4 variably loaded beats in 10 patients with
heart failure . A linear relation was obtained in both the left
and the right ventricle . The slope and intercept values of the
right ventricle correlated with other measures of ventricular
function, but the corresponding relations for the left ventri-
cle were only moderate .
Full pressure-volume loops have also been generated in
patients with dilated cardiomyopathy . Aroney et al . (27),
also using radionuclide ventriculography. produced three to
four pressure-volume loops in nine patients. Using the
end-systolic pressure-volume relation, these investigators
showed that a linear relation was present and that the slope
was exponentially related to ejection fraction . However,
attempts to use the isochronal maximal elastance relation
were unsuccessful, and their evaluation of the left ventricu-
lar end-diastolic volume-stroke work relation was found to
be nonlinear. The slope values for the end-systolic pressure-
volume relation for the left ventricle were found to be similar
to those obtained by Konstam et al . (26) . Hermann et al . (28)
also generated full pressure-volume loops in dilated cardio-
myopathy. The phosphodiesterasee inhibitor enoximone was
then given, the relation moved upward and leftward, consis-
tent with an increase in contractility .
Serial evaluation of heart failure . Experience with end-
systolic indexes of performance in the serial evaluation of
the failing heart are quite limited (13) . Morgan et al. (29)
tachypaced (using atrial tachypacing) eight dogs for 2 weeks
and compared the ratio of systolic blood pressure to end-
systolic volume index and also the ratio of end-systolic wall
stress to end-systolic volume index . Both ratios declined
significantly compared with baseline . Wolff et al . (30), using
a blood-perfused isolated heart preparation, have recently
compared the end-systolic pressure-volume relation and
stroke work relations in dogs that underwent tachypacing for
26 days with control dogs . They found a consistent decrease
in slope of both relations compared with baseline and a
change in position of the end-systolic pressure-volume rela-
tion (30) . The present study extends previous work done in
normal hearts (11) to the failing heart by evaluating a large
number of variably loaded pressure-volume loops used to
construct three separate methods of assessing left ventricu-
lar performance . It also extends previous work done in the
failing heart (29--31) by assessing serial changes in left
ventricular performance during the development of heart
failure using variably loaded pressure-volume loops not
dependent on pharmacologic manipulation .
End-systolic relations . Three distinctly different methods
of quantitating left ventricular performance were chosen for
comparison . All three are easily derived from variably
loaded pressure-volume loops. The end-systolic pressure-
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volume relation utilizes a single point at end-systole defined
as the maximum of Pressurel(Left ventricular volume -
volume intercept) (17) . Previous studies have suggested that
the end-systolic pressure-volume relation works effectively
in the intact circulation where resistive leads and ejection
time may vary considerably (3). This may be particularly
important because ventricular loading conditions and car-
diac output did vary as more severe failure developed in this
study .
The left ventricular end-diastolic volume-stroke work
relation incorporates information from the entire cardiac
cycle and thus is dependent on events that occur both at
end-systole and end-diastole . This relation appears to he
independent of preload and is probably relatively indepen-
dent of afterload within a physiologic range of values (10,32) .
One advantage of the left ventricular end-diastolic volume-
stroke work relation is that it generates a larger range of
values for a given caval occlusion run than either the
end-systolic pressure-volume reiation or the left ventricular
end-diastolic volume-peak positive dP/dt relation (11) . It has
also been found to be linear within the physiologic range
(7,10,11). It is unclear whether the left ventricular end-
diastolic volume-stroke work relation is independent of
changes in geometry of the left ventricular chamber or is
affected by changes in filling of the left ventricle .
The left ventricular end-diastolic volume--peak positive
dP/dt relation is derived from the isovolumetric contraction
period of the cardiac cycle . This measurement is directly
related to the original time-varying elastance model and is
thus directly related to maximal elastance . Previous studies
have demonstrated that this relation is substantially linear
throughout the physiologic range, although two studies have
noted the development of curvilinearity at various preload
levels (21,32) . This would be of concern in the present study
because of the progressive increase in preload that occurs
with progressive development of heart failure (9,11,21) .
One principal finding of the present study is that all three
relations can be utilized in the intact circulation as progres-
sive left ventricular dysfunction occurs . There is no evi-
dtr,ce that variability increases as severity of left ventricular
dysfunction increases . Thus, serial increases in filling pres-
sures, reduction in ventricular performance, a reduced range
of end-systolic pressures achieved during each run and a
delay in the onset of pressure decline have no effect on
variability . There also was no significant difference in vari-
ability among any of the three relations . This was true across
all levels of left ventricular dysfunction . Similar to the
results of Little et al . (11), the variability of the position of
the relations was consistently less than the variability for
slope .
Volume intercepts . Data from calculated volume inter-
cepts were considerably more variable and differed mark-
edly between relations . The volume intercept of the left
ventricular end-diastolic volume-stroke work relation has a
very low variability similar to that of position and appears to
be a highly reproducible value that may be clinically useful .
JACC Vol . 23, No. I
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The volume intercepts of the end-systolic pressure-volume
and left ventricular end-diastolic volume-peak positive dPidt
relations are considerably more variable and thus of less
value . The significantly lower variability in left ventriculatr
end-diastolic volume-- :stroke work, the greater range of val-
ues achieved on a particular run and the fact that this relation
appears to be linear may all contribute to the low variability
of its volume intercept . Similarly, the smaller range of the
left ventricular end-diastolic volume-peak positive dP/dt and
end-systolic pressure-volume relations, the fact that these
Measurements are only one point in the cardiac cycle rather
than the entire loop and the fact that the left ventricular
end-diastolic volume-peak positive dP/dt relation is a differ-
entiated value may all combine to increase the variability of
volume intercept for the end-systolic pressure-volume and
left ventricular end-diastolic volume-peak positive dP/dt
relations, Inspection of the plots of all caval occlusion runs
for all three relations showed that linear correlation was
appropriate for the physiologic range of volumes examined .
However, it is also possible that the left ventricular end-
diastolic volume-peak positive dP/dt and end-systolic pres-
sure-volume relations are not linear at their lower extremes
and that the lower range of pressure drop obtained with
progressive failure makes a linear extrapolation to volume
intercept inappropriate . This may explain why position
relation calculations are superior to volume intercept .
In previous studies using normal hearts, volume intercept
has tended to remain unchanged as the inotropic state was
changed or actually increased when a positive inotropic
agent was given (6,7 .11) . In the isolated blood-perfused
preparation of heart failure induced by tachypacing recently
reported by Wolff et al . (30), where volume intercept could
be directly measured, there was no change in volume inter-
cept in the failure group compared with the control group .
However, when these investigators estimated volume inter-
cept from physiologic volumes and pressures, volume inter-
cept tended to move rightward, similar to the present study .
This could be due to an increased left ventricular volume at
physiologic pressures or to loss of inotropy because any
rightward shift is certainly consistent with a reduction in
mechanical performance of the left ventricle . Previous stud-
ies have shown that volume intercept may shift with changes
in impedance (11,32) . Crude estimates showed a change in
peripheral resistance but not at the most severe level of heart
failure . This would suggest that peripheral resistance is not a
significant factor affecting volume intercept .
Relative change in slope and position . The mean values
for calculated slope and position are consistent with a
progressive decline in mechanical performance of the left
ventricle (Table 3, Fig . 1) . The relative changes in all three
indexes were similar directionally and in magnitude . For
comparison, an analysis was done for ejection fraction and
peak positive dP/dt. Although group mean values appear to
be similar, correlations of percent change showed that there
is relation,k'ith ejection fraction but a very poor
[elation with peak positive dP/dt, consistent with consider-
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able individual variation . Furthermore, the overall correla-
tion decreased as heart failure became more severe . This
may reflect an increasing effect of loading conditions on
ejection fraction and peak positive dP/dt .
Study limitations, The tachypacing model, although pro-
grammed
to be progressive, does show some variability in
development of heart failure, particularly its rate of progres-
sion. This could have made some weekly changes in left
ventricular performance too small to reliably detect . It
would also increase the variance of group mean measure-
ment across the study . As heart failure became more severe,
the absolute range of pressures available to generate the
variably loaded loops decreased . Although potentially a
significant problem, the lack of increase in coefficients of
variation suggests that this is not a significant limitation of
this technique . Changes in diastolic function, which also
evolve as heart failure develops . could have affected calcu-
lation of the relations, particularly the left ventricular end-
diaastolic volume-stroke work lelation because it incorpo-
rated the entire cardiac cycle (22,33 .) . Geometric changes
should not have affected the calculations because no consis-
tent shape changes were observed throughout the protocol .
It is possible, however, that shape changes might affect the
efficacy of these end-systolic variables in a more completely
remodeled left ventricle caused by more severe long
standing failure than this study could induce . Thus, extrap-
olation of these findings to a markedly remodeled end-stage
left vert icle are not possible . Recently, Howard et al . (34)
showed that a more intense level of rapid pacing can produce
remodeling with associated shape changes in the dog (34) .
Conclusions. All three relations consistently describe
changes in left ventricular mechanical performance that
occur during induced heart failure despite a large array of
changes in loading and performance of caval occlusion .
Evolution of left ventricular dysfunction appears to cause
both a rightward shift and a decline in slope . Thus, the
position of the relation appears to be the most sensitive and
least variable indicator of systolic performance for serial
assessment of left ventricular performance in evolving heart
failure .
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